





^ 



I. INTRODUCTION 
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We examine the possibility of storing and retrieving a single photon using electromagnetically 
induced transparency (EIT). We consider the theory of a proof of principle two-photon interference 
experiment, in which an atomic vapor cell is placed in one arm of a two-photon interferometer. Since 
the two-photon state is entangled, we can examine the degree to which entanglement survives. We 
show that while the experiment might be difficult, it should be possible to perform. We also show 
that the two-photon interference pattern has oscillatory behavior. 

PACS numbers: 42.50.Ct, 42.50.Dv, 42.50.Gy, 42.50.St 
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>—i . It is well-known that processes linear in the electromagnetic field have propagation properties that are independent 

j'f-N ' of the strength of the field. This is part of the definition of linearity. In the quantum mechanical case, this is 

fSJ , understood because the coupling between the electromagnetic field and matter is determined by the modes of the 

electromagnetic field independent of the state of the field, that is, independent of how the modes are populated. 

Cn I Consequently, the question of whether an experiment can be realized at the single photon level often reduces to a 

^ • detailed analysis of the experiment. An example of this is the question of whether it is possible to coherently store and 

ir~! retrieve light at the single photon level. In this paper, we analyze this question by studying two-photon interference 

in which an atomic vapor cell is placed in one arm of the interferometer and the cell operated under the conditions of 

electromagnetically induced transparency (EIT) QiSH- 

(^ ] The essence of EIT is to create destructive interference of the transitions for a three-level system in order to control 

■^ ■ the optical responses of the system. Harris et al. Q first suggested how EIT can be used to slow the speed of light 

^D ] significantly compared with the vacuum case. Early experiments 0, S 13 on slow light have demonstrated that the 

"^ I group velocity Vg can be reduced to several meters per second. The results reported in these experiments are based 

^ i' on the fact that EIT not only makes absorption zero at the resonant situation but also leads to a rapidly changing 

. K . dispersion profile. The condition for slow light propagation leads to photon switching at an energy cost of one photon 

^ ' per event Q and to efficient nonlinear processes at energies of a few photons per atomic cross section [ly . 

C^ ,, Theoretically there are two ways to implement EIT. One way is adiabatic EIT |l| in which both the probe and 

coupling resonant lasers are adiabatically applied. After the system evolves into a steady state, EIT occurs for 

arbitrary intensities of the probe and coupling lasers. The other way is the transient-state EIT [3|, where resonant 

probe and coupling lasers arc simultaneously applied. EIT occurs only when the intensity of the probe laser is much 

weaker than that of the coupling one. 

In EIT the system is driven by two fields called the coupling and the probe, see Fig. 1 for notation. Most of the 
C^ ' early theory and experiments of EIT took both coupling and probe lasers as classical external fields, see however 
[ll|. A disadvantage of the this approach is that it is hard to deal with atom-photon and photon-photon quantum 
entanglement which is of importance not only because of the interest of fundamental physics, but also for their 
potential applications to quantum computation and quantum communication |l2l | . Recently a number of papers have 
treated the probe laser quantum mechanically [Tj, [iJl . 

In this paper we will take as the probe source a photon produced using spontaneous parametric down conversion 
(SPDC) 16, 17]. In this nonlinear optical process a high-frequency photon is annihilated and two lower frequency 
photons, conventionally referred to as the signal and idler, are generated. The pair of photons are entangled in 
frequency and wave number. The correlations of the entangled two-photon system can be measured by means of 
coincidence counting detection. The purpose of the present paper is to study the optical properties of a transient-state 
EIT system interacting with one quantized field and investigate the response of the EIT medium to the nonclassical 
light field. We determine the two-photon interference in which one of the photons is stored and released. We want to 
examine whether the two-photon entangled state can be preserved in the process. There is an inherent mismatch of 
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FIG. 1: A-type atomic configuration of EIT. Tfie strong coupiing field witfi frequency ujc (Rabi frequency flc) resonantly drives 
the states |6) — > \c) and the weak probe field with frequency ujp (Rabi frequency flp) is applied to the states \a) — > |c) with a 
small frequency detuning A, respectively. 7c and 76 are decay rates of states |c) and \b). 

four orders of magnitude between the spectral bandwidth of SPDC and very narrow bandwidth of EIT; however, we 
shall see that it still may be possible to perform a proof of principle experiment. 

This paper is organized as follows. In Sec. II, we discuss the quantum mechanical description of the system 
Hamiltonian. The equations of motion for the quantum probe field is given. In Sec. Ill, we investigate the optical 
properties of the EIT system related to the proposed experiment. In Sec. IV, the two-photon interference experiment 
of the correlated photon pairs generated by SPDC will be discussed when the signal photon is delayed in an EIT 
system. Finally, we summarize our results in Sec. V. 

II. EVOLUTION OF THE OPERATOR 

To describe the interaction of electromagnetic fields, the standard method is to start with the Bloch equations 
for the atomic density-matrix elements under the adiabatic assumption and moderate intensities of the fields. The 
equation of motion of the fields, which are treated as classical fields, are obtained from Maxwell equations. The 
detailed discussion can be found in [iJi U^ ■ 

We consider a three-level atom with A-type configuration interacting with two electromagnetic fields, which is shown 
in Fig. n The two lower metastable levels \a) and |6) are coupled to the upper excited level \c) by the probe and 
coupling fields, with Rabi frequencies Qp and flc, respectively. The coupling field is taken to be resonant tUcb = Wcj 
and the probe field is detuned by A = tOca —ujp{see Fig. ^. In the interaction picture, the Hamiltonian of the system 
can be expressed as 
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in the basis {|a}, |c), \b)}. Assuming |J7p| << \Qc\, in the steady-state approximation, the eigenvalue of H associated 
with EIT is, to leading order in |ripp. 
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where C reduces to zero when jilpl — > 0. This is the energy of the probe transition from the initially prepared atonfic 
state I a). The polarization of a medium with atomic density N is the partial derivative of the interaction Hamiltonian 
with respect to the amplitude of the electric field, i.e.. 
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where the second term comes from the definition of the Rabi frequency and /i is the electric dipolc matrix element of 
corresponding transition. 



In the weak-probe limit, the excited states will have a very small population, and the system evolves adiabatically 
so most of atoms are in the initially prepared state \a). Under this condition, the interaction Hamiltonian H shown 
in Eq. ^ can be replaced by its eigenvalue, therefore, 

P = -^(^). (4) 

From Eq. ^, one can obtain the polarization of the EIT medium at the probe frequency Wp, 

and from Pp — eoxEp, one finds the linear susceptibility, 

( ^- ^lA^I' (A-^7b) ..^ 

^^""^ heo (A-*7,)(A-z7b)-|17,p- ^°^ 

This result can be found in [3- 

To quantize the probe field, we shall assume that the field is a quasi-monochromatic wave traveling in the z-direction 



Ep = 



\nujp_ U(^^y{k,.~u^t) ^ at(t)g-<(fep^-'^pt)'j . (7) 



One can introduce the effective Hamiltonian operator which describe the interaction between the fields and the EIT 
medium: 

Heff = ^Xal{t)ap{t). (8) 

The evolution of the annihilation operator hp is given by 

-^ = -i^x[atap,ap\+F = i^Xap + F (9) 

where we must include the noise operator F |y|. Since it will not contribute to the counting rates, we will drop it. If 
the interaction starts at t = 0, field at the output of the EIT cell is given by 

o^°"*)(i) = e-^^e'^a(,*")(0) (10) 

where we have written X — x' + *x" in terms of its real and imaginary parts x' a-nd x"j respectively. The imaginary 
part of the susceptibility describes the amplitude change and the real part of the susceptibility gives the phase shift 
of the operator. Using t = z/c Eq. (|10|) can also be written as 

a(^™*)(z) = r4")(0) (11) 

where 

X L^ps X ^pz X ^pt X ^pt 

T = e 2^e'-^=e —e'^^ (12) 

is the transmission coefficient for the vapor. 

III. SPDC IN EIT 

SPDC has been studied for many years [HlllllllllEllIlllllilliil. In this section we shall revisit type-II 
SPDC, paying particular attention to the passage of the beams through optical devices and the detection of the 
photons. We will consider both the single-photon counting detection and two-photon coincidence counting detection. 
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FIG. 2: Single-photon detection with EIT medium, ujac is the transition frequency of the medium between states \a) and |c). 
rJc represents the coupling field. I is the length of the crystal. 

A. Single-Photon Detection of SPDC in EIT Medium 

To fix notation we first discuss the single-photon properties of the radiation. Consider the experiment illustrated 
in Fig. 12 a monochromatic laser beam (pump beam with frequency tOpump) incident on a noncentrosymmetric 
birefringent crystal (e.g. BBO) produces pairs of photons. In Fig. |21 the point detector D detects the signal beam 
after EIT medium. 

The average single-photon counting rate at detector D with efficiency rj is given by: 



1 



(13) 



The field Eg is the positive frequency part of the signal field evaluated at the position fg and the time tg and 
Es is its Hermitian conjugate. |^) is the state of the system at the output surface of the crystal. Generally |^) 
is a superposition of the vacuum state |0) and states with any number of pairs of photons. Because of the small 
nonlinearity of the crystal, the expansion of |^} in the perturbation theory is limited to the first two terms, 



I*) = |0) + E n(fc.,fc.)a+(fc.)a+(fc,)|0) 



(14) 
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where kg and ki are the wave vectors of the signal and idler inside the crystal and a^ (j = s, i) is the creation 

operator at the surface of the crystal. Ii{ks,ki) is the spectral function of the two-photon state determined from 
phase matching. The general form of the spectral function is 



n(fc^, h) = F{Ws, W^)^{vDL)htr{qs,qi)5[uJs + L0^ - LOp) 



(15) 



where 



Vg V,, 



(16) 



is the difference of inverse group velocities of the signal and idler, and the Dirac S function arises from the steady-state 
or frequency phase-matching condition. The phase matching condition in the transverse direction is determined by the 
function htr{qs, Qi) where Qs and ql are the transverse components of wave vectors of the signal and idler, respectively. 
The longitudinal phase matching condition gives ^{vDl) where I is the length of the crystal and v = lJs — oJi- Finally, 
all of slowly varying variables are absorbed into F{Ws^ Wt) and Ws and Wi are the central frequencies of the signal 
and idler. 

For simplicity, the following discussions are focused on the collinear case of degenerate type-II SPDC, i.e., the 
propagation along z axis and Ws — Wi = ujp/2. In this special case, the state of the system takes the form of [l3| 
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duJsduJi^{i'Dl)S{LUs + i^i — ^p)'it^t\^) 
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with the phase matching function 
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FIG. 3: (a) Spectrum of Single-photon counts in degenerate type-II SPDC without an EIT medium, (b) Spectrum of single- 
photon counts in degenerate type-II SPDC with an EIT medium. Here the central frequency Ws of the signal coinciding with 
the transition rate u>ac is assumed, i.e., Ws = u;ac- 



Note here we ignore all of constants and slowly varying variables in Eq. (|17|l . 

For the CW pump case considered here the single-photon counting rate is constant and is given by 



Rs 



77 / dv\^{iyDl)T\^ = r] / dvS{iy) 



where T is the transmission coefficient (Eq. I12II . 



and the unfiltered spectral function is 



S{v) = So{v)e' 






(19) 



(20) 



(21) 



The comparison between these two cases is illustrated in Fig. 13 Note here that there are two frequency differences: 
one is coming from the non-perfect phase matching condition of SPDC, v, and the other is from frequency detuning of 
the signal field in the EIT medium, A = Ws + v — LOac- In Fig. Ol5o(i^) and S{v) are plotted. Note the different scales, 
from which we see that the dominate effect is the EIT absorption profile. The two sharp "dips" are the signature of 
EIT phenomena, and correspond to two absorption peaks of the EIT medium. The interval between those two dips is 
proportional to the bandwidth of transparency window. If the central frequency of the signal beam does not coincide 
with the atomic transition rate, Ws 7^ ojac, the spectrum distribution becomes asymmetric and the central peak will 
shift to left or right, which is determined by the larger one between Ws and tOac- In order to prevent the bulk of the 
signal photons from obscuring the EIT signal it would be necessary to filter the beam using a narrow filter at the 
input of the cell. 




FIG. 4: Two-photon coincidence counting detection with EIT medium. A birefringent crystal (BBO) converts the pump beam 
into a pair of down-converted beams. BS is a 50-50 beam splitter, Dl and D2 are photodetectors, and CC is the coincidence 
counter. 

B. Two-Photon Interference of SPDC in EIT Medium 

In order to measure the two-photon correlation let us consider the simplified experiment shown in Fig. ^ 19]. The 
entangled signal and idler photon pair emitted in the SPDC process is mixed by a 50-50 beam splitter (BS) and then 
recorded by photodetectors Dl and D2 for coincidence. In the idler channel, a time-delay apparatus {St) is put to 
balance the signal and idler path- lengths. 

The two-photon coincidence counting rate is defined as ^^ [l3| : 



Re 



V-j; I dh I dt2{^\E[-^Ei ^Ei+^E[+^\^) 
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Tf^jdhjdt2\^{hM 



(22) 



where 

is the effective two-photon amplitude. Taking into account the EIT cell, the two-photon amplitude is 

As a comparison, the two-photon amplitude without an EIT medium is given by: 

The coincidence counting rate for type-II SPDC now can be evaluated 
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I dv{\^{vDl)T{u)\'^ ~ Re[^*{vDl) 



x$[(W, -W,^ v)Dl]T*{v)T{W, -Ws-v) 



xe — •- — j|. (26) 

In the following discussions, we concentrate on the degenerate type-II SPDC, then the counting rate becomes 



Re 



Rer]^ I dv sinc2(^) x [|r(i.)p - r*(i.)r(-i.)e-(^'-2^-)] 



■q 



dv smc ( )e 



X {1 - cos[u{Dl - 2St) - 2(t>d]}. 



(27) 



where 4>d{i^) = x'^sL/2c, with L the length of the EIT cell, is the phase delay of a pulse due to the EIT. We 
have assumed that the dispersion in the fiber can be ignored. For conventional two-photon interference experiments, 
removing the EIT medium in the signal channel, the coincidence counts of degenerate type-II SPDC read 



Eg) ^ ^-^ j du\<^C-^)\'[l cosu[Dl - 25t)] 



(28) 
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FIG. 5: Two-photon coincidence counting rates of degenerate type-II SPDC. (a) conventional measurement, (b) with EIT 
medium (i?6*^). The parameters used here are: Dl = 3 x lO'^^Sec, L = 0.1m, Qc = 2^5 x lO^Hz (5.5 Watts), and 
N = 2x 10^V"i^ (SI units). 



For simplicity, we assume perfect detection of photodetectors and ignored other losses, i.e., taking ?; = 1 in the 
following discussions. 

The comparison of coincidence counting rates between with the EIT medium and without it is shown in Fig. 
again note the different frequency scales. The quantum coherence from SPDC process still exists as is evident from 
Fig. |S1 (b) where we see that in addition to a dip, there is an oscillation. The dip profile is much narrower than the 
notch shown in Fig. El (a) with no EIT cell. Recall that the center of the notch for the conventional coincidence counts 
is determined by Dl/2, and its width is determined by the quantity Dl (Eq. (j^HJ)- In Fig- I3b)i the dip center is 
displaced from Dl/2 by the time delay t^j caused by EIT effect. The oscillations can be understood as follows. For 
the calculation of the figure we chose the special case that the center frequency of the signal beam coincides with the 
atomic transition rate, i.e., Ws — uJca- The transmission peak has a width of the Acutr and is centered on ly = 0. 
If Acutr X {Dl — 2(t>'^ — 2St) > 1 oscillations can occur while for Aojtr x {Dl — 2(j>'j^ — 2St) < 1, where cj)'^ = d(f)d/dv 
they will disappear. For the parameters used here, the width of transparency window is Awtr = 5.527 x lO'^Hz, 
the group velocity of single photons in the EIT medium is Vg — 1.064 x lO^m/s, and the corresponding time delay 
is Td = 9.069 X 10~^S'ec, so if 5t is negative we can get oscillations in the counting rate. In addition, because the 
transparency bandwidth of EIT is much narrower than the bandwidth of SPDC, the coincidence counting rate with 
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FIG. 6: Two-photon coincidence counting rates of degenerate type-II SPDC with EIT medium {Rb^'^) and small detuning. The 
parameters used here are: Ws - cjca = lO'^Hz, Dl = 3 x lO'^^S'ec, L = 0.1m, Qc = 2^ x W^Hz, and N ^ 2 x 10^*/m^ (SI 
units) . 

an EIT nicdium (Fig. |31 (b)) is much lower than the conventional case. For the parameters given above, ignoring 
losses, the coincidence comits are around one photon per second, which is barely doable in the lab. 

In Fig. [SJb) the dip center coincides with the time delay r^ because of EIT dominant effect. If we do not use 
the resonant condition for the probe Wg — ujca, the visibility of coincidence counts is lowered and meanwhile the 
oscillations are modulated by the frequency mismatching (see Fig. inj. The visibility can be enhanced or decreased 
depending on the sign and magnitude of that frequency mismatching. 

IV. CONCLUSION 

In this paper we present the methods to consider light storage at a single-photon level. The relation between the 
input and output field operator with an EIT medium is derived. Based on this relationship, the non-classical light 
(SPDC) storage is studied. We focused on the discussions about single-photon counts and two-photon coincidence 
counts of degenerate type-II SPDC with an EIT medium in slow light case. Though the experiment may be hard 
to implement, it is doable depending on the choice of experimental parameters. The results we have obtained are 
corresponding to the assumption that the coupling field is not a function of time. 
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